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Because o f the great interest in this type o f com pounds, th eir chem ical synthesis and physiochem ical properties are described in the presen t paper. M oreover som e basic biochem ical results concerning th e ir interaction in the chloroplast A T P synthesizing system are reported. , C D 3O D ) using TM S as internal standard. C hem ical shifts are ex pressed in ppm , coupling constants J in H z (s, singulett; d, doublett; dd, double d ouble«; q, q u artett; m, m ultiple«). IR spectra were o b ta in ed by using a U nicam (SP-1000) instrum ent; m axim al a b so rption band frequenced are given by the w ave n um ber v which is expressed in cm -1. Mass spectra were recorded on a K ratos (MS-30) mass spectrom eter. U V -spectroscopic m easurem ents were m ade w ith a C ary (M odel 14) sp ectro p h o to m eter or w ith a Zeiss (D M R 16). M elting points were d eterm ined on an E lectrotherm al (IA 6304) m elting p o in t a p p aratu s and are not corrected.
B iochem ical assays
C hloroplasts w ere isolated from spinach leaves as in [13] , M easurem ents o f electron transport, p h o to p h o sp h o ry latio n and light-triggered A TPase were p erfo rm ed as described elsew here [14] ,
E nzym es and chemicals
A lkaline p h o sp h atase (from calf intestine) was p urchased from B oehringer M annheim G m bH . All o th er chem icals w ere o b tain ed p.a. from com m er cial sources.
Procedures fo r syntheses o f the nucleotide analogs
T h e general p ro ced u re is presented in Schem e 1. T he respective carboxylic acid (1.0 m m ol) and carb o n y ld iim id azo le ( 1.1 m m ol) were stirred in dry D M F (0.5 ml) for h a lf an h o u r at room tem p eratu re u n d er exclusion o f m oisture. T his m ixture was then ad d ed to the aqu eo u s nucleo tid e solution (0.3 m m ol for the condensation w ith aliphatic-and 0.5 m m ol w ith aro m atic carboxylic acids, dissolved in w ater, 2.5 ml).
T he reactio n m ixture was stirred for 4 h at room tem p eratu re follow ed by rem oval o f the sol vent at reduced pressure. T he residue was treated w ith sm all po rtio n s o f acetone and centrifuged.
T he p recip itate was sep arated , dissolved in w ater, and the aq u eo u s solution was subjected to p re p a ra tive T L C on cellulose (Solv. system S] -S5). A fter being detected u n d er U V -light, the respective m ajor ab so rb in g b ands w ere scraped off, the substances eluted w ith w ater, and the aqueous eluates were DP-0-i Adenine The respective carboxylic acid (1.0 mmol) and carbonyldiimidazol (1.1 mmol) were dissolved in dry DMF (5 ml) and stirred for half an hour at room temperature under exclusion of moisture. This mixture was then added to the adenosine solution (1.5 mmol in dry DMF (5 ml) containing sodium methylate (0.1 mmol)). The reaction was kept for 24 h at 70 °C, followed by addition of glacial acetic acid ( 1 . 0 ml), evaporation of the solvent at vacuum, and treatment of the residual oil with icewater. The precipitate was separated, washed with small portions of cold water and recrystallized from ethanol-water (3 :2 , v : v). The latter procedure yielded pure 3'-isomers. Further pure 3'-products could be obtained from the mother liquors by preparative TLC on silicagel using solvent system (S8). In each case, the yields of the 3'-esters were 50 -60% with respect to the carboxylic acid. The purity of the compounds was checked by TLC (micro cards, solvent system S8). 
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Scheme
Degradation o f nucleotide analogs with alkaline phosphatase
3 -4 nmol of compounds (1 0 , 11), were incubated with alkaline phosphatase (5 jil, 3 units) in 300 (il TRIS/MgCl2-buffer (0 .2 m M /0 .5 mM, pH 8.0 ) at 37 °C. After 5 min a precipitate could be recog nized, already. The reaction was maintained for 1 2 h at this temperature, followed by separation of the precipitate by centrifugation, washing with several small portions of cold water and drying over P20 5 under vacuum.
In each case, the isolated products were shown to be pure 3'-isomers by TLC (micro cards, S7, S8). The final proof of their structure was followed from their NMR-spectra, which were identical with that of, 3'-0-(naphthoyl-l-)adenosine and 3'-0-(5-dimethylaminonaphthoyl-1 -)adenosine, respectively.
Photolabel-carboxylic acids (Scheme 2)
3-(4-amino-2-nitrophenyl)propionic acid (III, n = 2 ) was prepared by the method described in [15] . The respective procedure applied to 4-phenylbutyric acid (I, n = 3) gave 4-(4-amino-2-nitro-
. Recrystallization of the crude reaction product from water yielded 60% of pure substance; m.p., 127-129 °C (the purity of this compound was checked by TLC, micro cards, solvent system S6). UV (methanol),/.max = 270 nm (e= 14000); IR (KBr), 3480. 3400, 3300-2500 (broad), 1705, 1640, 1535, 1345; MS, m /e = 224; NMR (CD3OD), 7.18 (1, d, 7 = 3.0), 7.11 (1, d, 7 = 9.0), 6.87 (1, dd, 7 = 3.0, 9.0), 2.73 (2, t, 7 = 7 .5 ), 2.30 (2, t, 7 = 7.5), 1.86 (2, quintett, 7 = 7.5).
Compounds (III, n -2, 3) were converted to the corresponding azido-derivatives (IV) according [16] . The reaction products were recrystallized from water (yields: 60-70%). 
3-(4-azido-2-nitrophenyl)-propionic acid (IV

Fluorescent carboxylic acids
5-dimethylaminonaphthalene-l-carboxylic acid (VI Scheme 3) was prepared from 5-aminonaphthalene-lcarboxylic acid (V) (for synthesis see [17, 18] ) in the following manner: The acid (1.0 mmol) was dissolved in N aH C 03-solution (5 ml, 4 m), which was then transferred into a tube equipped with a magnetic stirrer, After addition of methyliodide ( 8 Anthracene-1-carboxylic acid was synthesized from benzene-1-2-3-tricarboxylic acid according to [19, 20] ,
Results and Discussion
I. Chemical Part
Monoacylation o f the ribonucleotide cis 2'-3'-diol system
The chemical modification of adenine-nucleotides represents an esterification of an activated carboxylic acid by hydroxyl residues of ribose (Scheme 1).
Carboxyl activation by carbodiimidazole [21] , was first applied for the synthesis of amino acid esters of nucleosides and nucleotides [22] . This method was adapted also for substrate modifica tions, especially in order to prepare analogs, bearing photo-reactive residues [23] . The action of the amino-group attached to the 6 -position of the heterocyclic moiety as a competitive nucleophile can be obviated by suitable choice of the reaction medium. Thus, mixtures of water with weakly solvating aprotonic solvents were found to fulfil these requirements [2 2 ], In this work carboxylic acids (aliphatic, araliphatic, aromatic) were chosen as coupling partners, and under the employed conditions (see Methods) the reaction of adenine nucleotides with carboxylic acid imidazolides was found to take place at both, 2'-and 3'-ribose hydroxyls. Dependent on the molar ratio imidazolide/nucleotide, diester formation was also observed; the higher the nucleotide concentra tion, the lower was the formation of diester. 
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Although a clear separation of diester from monoester was possible, a separation of correspond ing 2'-and 3'-isomers failed. In each case the monoacyl-derivatives of ADP were isolated as an iso meric mixture, containing both, 2'-and 3'-esters, the latter being the predominant species (70%), as shown below. Table I shows a list of analogs prepared according to the imidazolide-method. The structures of the nucleotide analogs were ascertained by phosphateanalysis, IR-, UV-, and especially by NMR-spectroscopy. In some cases the analogs were also subjected to degradation by alkaline phosphatase. Precursor carboxylic acids of the analogs which were not available from commercial sources were synthesized separately (compounds 6 , 8 , 11, 12 in Table I ).
Identification and distinction o f monoacylderivatives by NMR-spectroscopy
A clear discrimination between 2'-and 3'-esters can be made by means of the NMR-spectrum of a mixture containing both isomers in comparison with the spectrum of one pure component (2' or 3'). This makes it necessary to isolate one of the products free from contamination by the other.
It is well known, that monoacyl-derivatives of cis 1 ,2 -diol systems easily undergo isomerisation by acyl-migration [24, 25] , and the isomerisation rate depends on the nature (mobility) of the acyl-substituent. Aliphatic acyl substituents {i.e., formyl-and acetyl-residues) were found to migrate much more readily than aromatic acyl-substituents (i.e., benzoylresidue). In this context isolation of one pure isomer, especially an aromatic monoacyl derivative, was necessary, in which the acyl migration rate was low enough for taking a specific NMR-spectrum. Actually, it was possible to isolate pure 3'-esters of adenosine, bearing condensed aromatic ring sys tems as 3'-substituents which allowed a differentia tion between 2'-and 3'-products.
A useful information for NMR-spectroscopical asignment of isomers is given by the chemical shift of the anomeric proton H{, which should be at lower field for the 2' than for the 3'-product; more over, the coupling constant J v2• for the 3'-compound should have a higher value than J V2' f°r the 2 '-compound. This chemical shift rule is based on the electronic influence of the respective substituents [26, 27] : electron-withdrawing groups attached to 2'-OH residue would have a greater deshielding effect on Hj than in case of 3'-isomers where the electrophilic substituent is more remote from this proton.
Isomeric 2'-and 3'-esters show differences in chemical shifts of Hpresonances, varying between 0.25 (aliphatic substituents) and 0.35 ppm (aromat ic residues). This fact allowed the determination of 2'/3'-ratios in a mixture by integration of the cor responding H,-doubletts. Such an estimation is il Fig. 1 , where a 'N-NMR-spectrum of pure 3'-0-(naphthoyl-l-)-adenosine is compared with the spectrum of an isomeric mixture contain ing 2'-and 3'-0-(naphthoyl-l)-ADP ( 10) . As this example shows, the resonance signals of H2 (2 '-isomer) and H3 (3'-isomer) are also resolved suf ficiently enough to be useful to estimate the compo sition of the isomeric mixture. With all nucleotide analogs investigated so far, this method led to nearly equal 273'-ratios: 3'-isomers revealed to be the predominant species (about 70%) compared to 2'-isomers (about 30%).
Enzymatic cleavage o f 2'-3'-monoesters mixtures
Enzymatic cleavage of the monoesters of ADP ( 10, 11) by alkaline-phosphatase in Tris/MgCl2-buffer (pH 8.0, 37 °C) in each case led to a product which precipitated from aqueous solution. These precipitates were shown by NMR-spectroscopy to consist of more than 95% 3'-0-(naphthoyl-l-)adenosine and 3'-0-(5-dimethylaminonaphthoyl-l ^aden osine, respectively.
Examination of the remaining aqueous reaction solution by TLC showed that each of them con tained a mixture of 2'-and 3'-isomers.
II. Biochemical part 1. 3'(2')-0-acylated ADP analogs as inhibitors of photophosphorylation
All of the synthesized 3'(2')-0-acylated ADP analogs are more or less strong inhibitors of ADP phosphorylation, depending on the nature of the sub stituent. This is due to effective competition with the parental nucleotide on one hand, but extremely slow phosphorylation on the other. Thus, the rate of photophosphorylation of N-ADP (10) was e.g. only 0.15jimol/mg chi h at 5 jim , that is 400 times less than ADP phosphorylation at the same concentra tion. The Cj50 values for inhibition of phosphory lation in a non-cyclic electron transport system with methylviologen as acceptor are listed in Table I . 233. 5 Analogs carrying a short chain alkyl group (e.g. compound 1) cause only weak inhibition. The in hibitory activity increases with increasing the chain length (2 ) and also if branched alkyl residues are introduced (3). Further elongation of the aliphatic chain (4) again decreases the inhibitory effect.
Introduction of aromatic residues as substituents in alkyl chains of varying length yields inhibitors of intermediate effectiveness (5 -9 ) . A dramatic in crease in the inhibitory power is, however, attained, if condensed aromatic rings without a spacing alkyl chain are introduced. Thus, the most potent in hibitors of photophosphorylation are the naphthoyland anthranoyl-derivatives of ADP (10) (11) (12) . Most of the subsequently described experiments have therefore been performed with these compounds.
Action as energy transfer inhibitors
In Fig. 2 the effect of N-ADP (10) on basal and coupled electron transport as well as on the rate of phosphorylation is shown. The results reveal the typical characteristics of energy transfer inhibition of coupled electron transport concomitant to inhibi tion of ATP synthesis (Ci50 = 0.5 |i m ) while basal electron flow is unaffected. Moreover, Table II de monstrates that uncoupled electron transport is also completely unaffected and Fig. 3 shows that inhibi tion of coupled electron transport is released by addition of an uncoupler. Hence N-ADP is a pure and one of the most effective energy transfer in hibitors in photophosphorylation. analog only (Cj5 0 = 1 (iM), the ATP analog being much less effective (Ci50= 20|iM) while the AMP derivative is completely inactive, a result which exactly resembles the action on oxidative phos phorylation [28] .
Inhibit on kinetics
The effects of N-ADP on steady state kinetics of photophosphorylation are investigated in Figs. 5 and 6 . In an experiment shown in Fig. 5 , phosphate concentration was varied in the absence and pres ence of 2.5 |iM N-ADP. The substrate ADP was present at 20 |iM or 200 (im , respectively. With re gard to phosphate, N-ADP acts as a noncompetitive inhibitor, the inhibitory effect being more pro nounced at low compared to high concentration of ADP. Phosphorylation as a function of ADP in the absence and presence of N-ADP and N-ATP, respec tively, is shown in Fig. 7 . Moreover two different light intensities were employed. Kmax as well as apparent K m have been reported to depend on the efficiency of electron transport and can therefore be modulated by the employed light intensity. At varying light both parameters are linearly related to each other [29] . Both, N-ADP and N-ATP act as competitive inhibitors with respect to ADP. While the K x values for the ATP analog are almost inde pendent of the light intensity, a more effective inhibition by the ADP analog is obtained at low light compared to light saturation. In some experi ments (Fig. 6 , Fig. 7 , top) a deflection from linearity in the double-reciprocal plot was observed at low ADP concentrations in presence of N-ADP, indicat ing sigmoidal kinetics. A similar observation has been made in oxidative phosphorylation of submitochondrial particles and interpreted as an indi cation of cooperativity of at least two interdependent catalytic nucleotide binding sites [30] .
The competitive effect of the ATP analog is low compared to the ADP analog. The apparent K\ values differ by a factor of 2 0 (high light) or even more at low light intensity (Fig. 7) . For oxidative phosphorylation in submitochondrial particles fac tors of more than 1 0 0 have been observed [31] .
From the fact that both analogs are competitive inhibitors with respect to ADP, their ^-values reflect affinities to the catalytic ADP binding site under phosphorylating conditions. Moreover the conclusion is also permitted that they indicate the relative affinities of the parental compounds ADP and ATP, respectively. Accordingly, in phospho rylating chloroplasts, ATPase exhibits a high selec tivity for ADP compared to ATP [14] .
In the reverse reaction (light-triggered ATP hy drolysis) both analogs are competitive inhibitors likewise [14] . Table III summarizes results of an experiment where ATP synthesis and subsequent dark ADP hydrolysis were studied in the same assay. Limited amounts of ADP were first phosphorylated in the light. Phosphorylation rates were evaluated from the initial increase in ATP. When the light was turned off after reaching the final steady state, the newly synthesized ATP was partial ly hydrolyzed [14] . The initial rates were evaluated and taken as measures of ATP hydrolyzing activity. In order to measure the effects of N-ADP and -ATP on phosphorylation and ATP hydrolysis, the analogs were added before onset of illumination or at the light-to-dark transition, respectively. Table III con firms the general phenomenon shown in Fig. 7 , i.e. low K\ for the ADP analog compared to the ATP analog in photophosphorylation. The higher K { values for both analogs as compared to the experi ments of Figs. 5 -7 may be due to the change in experimental conditions (absence of a regenerating hexokinase system). The difference in the apparent A!^-values of both analogs disappears under ATP-hydrolyzing condi tions. Even a small increase of the for the ADPanalog over the A^-value of the ATP-analog can be recognized. Since the only relevant change concerns the state of membrane energization, a conforma tional transition of ATPase is likely when zIph+ is relaxing. This has also been concluded from other types of experiments [32] , Apparently, the assumed conformational change has direct consequence on the properties of the catalytic site.
A recent study on oxidative phosphorylation [31, 33] is in support of this conclusion. Using the same type of analogs and comparing their effects with those of 2', 3'-TNP-analogs, mitochondrial F r ATPase has also been proposed to be a "dual-state"-enzyme, changing its conformation and its ligand interac tions depending on the presence of a /IßH+ across the membrane.
